Destructive quantum interference in electron transport: A reconciliation of the molecular orbital and the atomic orbital perspective
I. INTRODUCTION
Exploring the structure-property relationship of electronic devices using single molecules as the active component is the cutting edge research in molecular electronics. 1 Singlemolecule devices also provide an ideal platform for the investigation of basic quantum transport concepts. When a single molecule is wired between two metal electrodes, the moleculeelectrode contacts that are formed by the metal electrodes and the linker groups flanked at the two ends of the central molecule have profound effects on the electronic transport properties of molecular junctions. 2 Besides the widely used thiol, pyridine, and amine groups, [3] [4] [5] methylsulfide (SMe) is often employed as the linker bonded to gold electrodes. For example, with the Au-SMe bonds single-molecule diodes with rectification ratios higher than 200 at voltages as low as 370 mV were fabricated in an ionic solution. 27 Furthermore, single-molecule switches operating through a stereoelectronic effect were first realized in oligosilane molecules connected to gold electrodes through SMe linkers. 25 It is generally accepted that for thiol groups the Au-S covalent bonds are formed at the molecule-electrode interfaces while pyridine, amine, and methylsulfide groups form donor-acceptor bonds with undercoordinated gold atoms on the electrode surface because of the lone pairs in the corresponding N or S atom. Unfortunately, up to now the detailed atomic structures of the a) Author to whom correspondence should be addressed: smhou@pku.edu.cn molecule-electrode contacts are still not clearly known and thus out of control in experiments. In contrast, computer simulations can take into account the atomic details of molecular junctions and improve our understanding of their electronic transport properties. Although many theoretical investigations have been devoted to exploring the conducting mechanism of molecular junctions constructed using the thiol, pyridine, and amine groups, [34] [35] [36] [37] [38] [39] [40] only a few theoretical studies focus on the intrinsic properties of the molecule-electrode interfaces formed by the Au-SMe bonds. 31, 41 Therefore, it is highly desirable to carry out first-principles calculations on representative molecular junctions constructed with the Au-SMe bonds.
Here we investigate the structural and electronic transport properties of a series of saturated and conjugated molecules with SMe groups at the two ends. This is realized by employing the non-equilibrium Green's function formalism (NEGF) combined with density function theory (DFT), i.e., the NEGF + DFT approach. [42] [43] [44] [45] [46] [47] [48] [49] [50] Our calculations show that the Au-S donor-acceptor bonds formed by the SMe group with the Au adatom on the electrode surface play an important role in the low-bias junction conductance. When the Au-S bonds are nearly coplanar with the alkane backbones or perpendicular to the adjacent benzene rings in the Au-molecule-Au junctions, the calculated values of the low-bias junction conductance are in semi-quantitative or even quantitative agreement with the measured values. In this case the transport is dominated by the highest occupied molecular orbital (HOMO) and the HOMO-1 orbital of the central molecule. 
II. CALCULATION METHOD
We employ the SIESTA software package to investigate the atomic and electronic structures of Au-molecule-Au molecular junctions and the SMEAGOL code to study their electronic transport properties. [49] [50] [51] SIESTA is an efficient DFT package for numerical simulations of large system with affordable resources, in which the wave functions of valence electrons are expanded over a finite-range numerical basis set and the core electrons are described by norm-conserving Troullier-Martins pseudopotentials. 51, 52 While a double-zeta plus polarization (DZP) basis set is used for H, C, and S atoms, two different types of basis functions are used for Au, respectively, in the bulk and at the surface. In more detail, a DZP basis is used for the Au surface atoms, while a singlezeta plus polarization (SZP) basis is used for the bulk. The exchange-correlation functional is treated at the level of the generalized gradient approximation (GGA) within the PerdewBurke-Ernzerhof (PBE) formulation. 53 Geometry optimization is performed by standard conjugate gradient until all the atomic forces are smaller than 0.03 eV Å 1 .
SMEAGOL is a practical implementation of the NEGF + DFT approach, which uses SIESTA as the DFT platform. 49, 50 Periodic boundary conditions are applied in the plane transverse to the transport direction, while the unit cell of the extended molecule includes the central molecule and ten atomic layers of the gold electrodes with a (3 × 3) supercell. An equivalent cutoff of 200.0 Ry is taken for the real space grid integration. The charge density is integrated over 24 energy points along the semi-circle, 24 points along the line in the complex plane, while 24 poles are used for the Fermi function (the electronic temperature is 25 meV). The transmission coefficient T (E) of the molecular junction is evaluated as
where Ω 2DBZ is the area of the two-dimensional Brillouin zone (2DBZ) in the transverse directions. The k-dependent transmission coefficient T ( k; E) is obtained as
where G R M is the retarded Green's function matrix of the extended molecule and Γ L (Γ R ) is the broadening function matrix describing the interaction of the extended molecule with the left-hand (right-hand) side electrode. Here, we calculate the transmission coefficient by sampling 4 × 4 k-points in the transverse 2DBZ.
III. RESULTS AND DISCUSSION
We start our studies from the investigation of the atomic structure and the electronic transport properties of alkanes with 4, 6, and 8 methylene groups terminated by two SMe groups. The ground state of the isolated 1,4-bis(methylsulfide)butane (SMe-C 4 -SMe) molecule has the two carbon atoms in the SMe groups optimized to be out of the plane defined by the four carbon atoms of the butane backbone [ Fig. 1 the occupied S 3p atomic orbitals in the two SMe groups. Since these two S 3p atomic orbitals are coplanar with the four carbon atoms of the butane backbone, they are coupled across the butane backbone resulting in an energy splitting of ∼130 meV between the HOMO and HOMO-1 orbitals. It should be noted that the SMe-C 4 -SMe molecule with the two carbon atoms in the SMe groups coplanar with the butane backbone (the dihedral angle ∠C(SMe)-S-C-C = 180°) is also a local minimum, and its total energy is only 26 meV higher than that of the ground state geometry. In contrast, the corresponding HOMO and HOMO-1 orbitals are almost degenerate and are both composed of two localized S 3p atomic orbitals perpendicular to the plane of the butane backbone [see Figs. 1(e) and 1(f)]. Due to the rather small energy difference, the SMe-C 4 -SMe molecule with both these two conformations may appear in Au-SMe-C 4 -SMe-Au molecular junctions fabricated with the scanning tunneling microscopy break junction (STM-BJ) method at room temperature. 6, 10, 28 Figure 2(a) shows the optimized atomic structure of the Au-SMe-C 4 -SMe-Au molecular junction, in which the two SMe groups are assumed to bind with the Au adatoms of the Au(111) surface. In order to find the equilibrium structure, we systematically vary the separation between the two gold electrodes and optimize the positions of the SMe-C 4 -SMe molecule, gold adatoms, and those at the electrode surfaces until the total energy reaches a local minimum. The bond length of the Au-S donor-acceptor bonds is optimized to be 2.47 Å, and the dihedral angles ∠Au-S-C-C and ∠C(SMe)-S-C-C are, respectively, optimized to be ∼176°and ∼82°. The corresponding equilibrium transmission spectrum is presented in Fig. 2(b) . Clearly, there are two transmission peaks around the Fermi level, one peak centered at 1.77 eV and the other centered at 2.64 eV. Because these two transmission peaks decay rapidly towards the Fermi level, the transmission coefficient at the Fermi level is calculated to be 2.8 × 10 3 , which is consistent with the experimental value of 1.4 × 10 3 . 6,10 A deep understanding can be obtained by projecting the transmission onto the frontier molecular orbitals of the SMe-C 4 -SMe molecule [ Fig. 2(c) ]. 54 The transmission peak at 1.77 eV and the transmission around the In contrast, when the two carbon atoms in the SMe groups are nearly coplanar with the butane backbone in the AuSMe-C 4 -SMe-Au junction, which is characterized by the dihedral angles ∠Au-S-C-C = 87°and ∠C(SMe)-S-C-C = 170°[ Fig. 3(a) ], the junction transmission is reduced significantly. As it can be seen in Fig. 3(b) , the transmission coefficient at the Fermi level is calculated to be 4.7 × 10 5 that is much less than the measured value, despite the fact that two transmission peaks appear, respectively, at 1.77 eV and 2.63 eV. The much-reduced transmission should be ascribed to the more localized HOMO and HOMO-1 orbitals of the SMe-C 4 -SMe molecule in this conformation [Figs. 1(e) and 1(f)], since the electronic coupling of the Au-S interfaces should not be changed too much due to the very similar Au-S donor-acceptor bond lengths (2.49 Å). Therefore, the most probable molecule-electrode interfaces in Au-SMe-C 4 -SMe-Au molecule junctions are formed by the Au-S donor-acceptor bonds that are nearly coplanar with the butane backbone. Then we calculate the transport properties of 1,6-bis(methylsulfide)hexane (SMe-C 6 -SMe) and 1,8-bis (methylsulfide)octane (SMe-C 8 -SMe) molecules contacted with gold electrodes [ Fig. 2(b) ]. With the optimized Au-S bond length of 2.47 Å and the dihedral angle ∠Au-S-C-C approaching 180°, the transmission coefficients at the Fermi level are calculated to be 3.3 × 10 4 for Au-SMe-C 6 -SMe-Au and 3.8 × 10 5 for Au-SMe-C 8 -SMe-Au junctions, both in excellent agreement with the corresponding measured values of 3.1 × 10 4 and 3.9 × 10 5 . 6, 26 By using the same analysis carried out for the Au-SMe-C 4 -SMe-Au junction, we can confirm that the interaction between the Au 5d yz and S 3p y atomic orbitals dominates the transmission peak centered at 1.77 eV and the transmission around the Fermi level for both Au-SMe-C 6 -SMe-Au and Au-SMe-C 8 -SMe-Au. Therefore, the low-bias conductance of the Au-SMe-C n -SMe-Au molecular junctions mainly originates from the electronic tunneling between the two localized Au-S donor-acceptor bonds that are mediated by the central alkane chains, where n is the number of carbon atoms in the chain. The longer the alkane chains and the larger the dihedral angle between the Au-S bond and the alkane backbone, the lower the junction conductance. This tunneling mechanism of conduction is also corroborated by the length-dependence of the junction conductance. For these three molecular junctions, the conductance decreases exponentially with the increase of the length of the central alkanes, which can be described with the relation G ∼ exp( βn). Here, G is the junction conductance, and β is the decay constant. The decay constant β is determined to be 1.0 per methylene group, in good agreement with the measured value of 0.94 ± 0.05. 28 Next we turn to investigate the electronic transport properties of conjugated molecules terminated with one SMe group at each end, and choose 1,4'-bis(methylsulfide)benzene (SMe-Ph-SMe) and 4,4'-bis(methylsulfide)biphenyl (SMePh 2 -SMe) as the representative cases. Different from the SMe-C n -SMe alkanes investigated above, in the ground state the two carbon atoms in the SMe groups are found to be coplanar with the benzene backbone for the isolated SMePh-SMe molecule [ Fig. 4(a) ]. Thus, the S 3p lone pairs in the two SMe groups can have a strong coupling with the π-type orbitals of the benzene backbone. The S-C(benzene) bond lengths are optimized to be 1.777 Å shorter than the S-C(methylene) bond with a length of 1.836 Å in the SMe-C 4 -SMe molecule, further strengthening the coupling between the S 3p lone pairs and the π-type benzene orbitals. As shown in Figs of 96°. The equilibrium transmission spectrum is shown in Fig. 5(b) . The first transmission peak below the Fermi level is located at 1.73 eV, indicating that the Au-S bonding is almost the same as that in the Au-SMe-C n -SMe-Au junctions. In contrast, the first transmission peak above the Fermi level is shifted downwards in energy to 1.55 eV due to the much reduced HOMO-LUMO gap of the SMe-Ph-SMe molecule. Here, LUMO is the acronym of the lowest unoccupied molecular orbital. By projecting the transmission spectrum onto the frontier molecular orbitals of SMe-Ph-SMe [ Fig. 5(c) ], we can deduce that the transmission peak at 1.73 eV and the transmission around the Fermi level are dominated by the HOMO and HOMO-1 orbitals. The transmission coefficient at the Fermi level is calculated to be 4.3 × 10 2 , slightly larger than the actual measured value of (0.9 ± 0.05) × 10 2 . 8 Considering that GGA functionals like PBE always underestimate the HOMO position (too high in energy) and thus overestimate the low-bias junction conductance, 55 this result is quite acceptable. Since the π-type HOMO and HOMO-1 orbitals of SMe-Ph-SMe provide a better coupling between the Au-S donor-acceptor bonds, the Au-SMe-Ph-SMe-Au junction is more conducting than the Au-SMe-C 4 -SMe-Au one. With the optimized Au-S bond length of 2.51 Å and the dihedral angle of ∠Au-S-C-C = 66°, the calculated transmission spectrum of the Au-SMe-Ph 2 -SMe-Au junction is presented in Fig. 5(b) . When compared to that of the AuSMe-Ph-SMe-Au junction, the first transmission peak below the Fermi level does not change its position but presents a reduced amplitude. The transmission coefficient at the Fermi level is only 6.2 × 10 3 , in good agreement with the measured value of 2 × 10 3 , 17 though the first transmission peak above the Fermi level is further shifted downwards to 1.12 eV. The transmission around the Fermi level is still mainly contributed by the HOMO and HOMO-1 orbitals of the SMe-Ph 2 -SMe molecule. Although the SMe-Ph 2 -SMe molecule has a higher conjugation than that of SMe-Ph-SMe and thus has a smaller HOMO-LUMO gap, the dihedral angle (∼36°) between two benzene rings reduces the efficiency of the electronic coupling between the S 3p lone pairs of the two SMe groups leading to the lower conductance of the Au-SMe-Ph 2 -SMe-Au junction.
Transport calculations have also been performed for junctions under moderate compressive and tensile strain, obtained by changing the distance between the electrodes up to ±0.5 Å from the equilibrium position. In all cases, although the relaxation gives alterations in the details of the bonding structure, we find that the transmission remains almost unchanged, indicating that the SMe anchoring group makes the transport stable against geometry fluctuations.
IV. CONCLUSION
We have investigated the atomic structures and electronic transport properties of molecular junctions employing the NEGF + DFT approach, in which the alkanes and aromatic molecules are connected to gold electrodes through SMe linkers. Our calculations show that electronic tunneling between the Au-S bonding states at the two molecule-electrode interfaces dominates the low-bias junction conductance, which is mediated by the central aliphatic and aromatic molecules. Since the frontier molecular orbitals of the central aliphatic and aromatic molecules are, respectively, σ-type and π-type, the Au-S donor-acceptor bonds tend to be parallel to the alkane backbones or be perpendicular to the neighboring benzene rings, thus enabling a better electronic coupling between the Au-S bonding states. This is also the main reason for the low-bias conductance of the Au-SMe-Ph-SMe-Au and AuSMe-Ph 2 -SMe-Au junctions to be much larger than those of the Au-SMe-C n -SMe-Au junctions with a similar molecular length. Our findings are helpful in the development and application of methyl sulfide linker groups in future molecular electronic devices.
